Sweet basil (Ocimum basilicum) is well known for its diverse pharmacological properties and has been widely used in traditional medicine for the treatment of various ailments. Although a variety of secondary metabolites with potent biological activities are identified, our understanding of the biosynthetic pathways that produce them has remained largely incomplete. We studied transcriptional changes in sweet basil after methyl jasmonate (MeJA) treatment, which is considered an elicitor of secondary metabolites, and identified 388 candidate MeJA-responsive unique transcripts. Transcript analysis suggests that in addition to controlling its own biosynthesis and stress responses, MeJA up-regulates transcripts of the various secondary metabolic pathways, including terpenoids and phenylpropanoids/flavonoids. Furthermore, combined transcript and metabolite analysis revealed MeJA-induced biosynthesis of the medicinally important ursane-type and oleanane-type pentacyclic triterpenes. Two MeJAresponsive oxidosqualene cyclases (ObAS1 and ObAS2) that encode for 761-and 765-amino acid proteins, respectively, were identified and characterized. Functional expressions of ObAS1 and ObAS2 in Saccharomyces cerevisiae led to the production of b-amyrin and a-amyrin, the direct precursors of oleanane-type and ursane-type pentacyclic triterpenes, respectively. ObAS1 was identified as a b-amyrin synthase, whereas ObAS2 was a mixed amyrin synthase that produced both a-amyrin and b-amyrin but had a product preference for a-amyrin. Moreover, transcript and metabolite analysis shed light on the spatiotemporal regulation of pentacyclic triterpene biosynthesis in sweet basil. Taken together, these results will be helpful in elucidating the secondary metabolic pathways of sweet basil and developing metabolic engineering strategies for enhanced production of pentacyclic triterpenes.
Plants are capable of synthesizing an amazing diversity of low molecular weight secondary metabolites that have a variety of applications as pharmaceuticals, flavors, fragrances, and pesticides (Bohlmann and Keeling, 2008; Wink, 2010a) . Although some plant-derived secondary metabolites are directly used as drugs, many are leading models for the development of semisynthetic and synthetic drugs (Heilmann, 2010 ). To date, over 100,000 different structures of secondary metabolites or natural products are known; however, the real number is undoubtedly much higher because only 20% to 30% of the plant species are exploited (Wink, 2010a) . Because of the insufficient supply of raw materials for extraction of many valuable secondary metabolites, increasing the production of these compounds in plants is a well-established target for genetic manipulation through traditional and biotechnological approaches (Goossens et al., 2003; Canter et al., 2005; Alfermann, 2010; Lange and Ahkami, 2013) . However, this presents some severe challenges owing to the lack of in-depth knowledge on the secondary metabolite biosynthetic pathways and their regulation (Canter et al., 2005; Lange and Ahkami, 2013) . A comprehensive understanding of the metabolic pathway is extremely important to overcome low product yield of the secondary metabolites in plants or plant cell cultures. Once the biosynthetic genes and their regulatory controls have been elucidated, pathway engineering can be employed to increase metabolite accumulation not only in the native plants but also in the organisms that do not even synthesize them (Yun et al., 1992; Chen et al., 2000; Zhang et al., 2004; Lange and Ahkami, 2013; Paddon et al., 2013) .
Biologically active phytochemicals are synthesized in plants in tissue-specific, organ-specific, and developmentally specific ways that involve highly complex and sophisticated biosynthetic pathways (Facchini and De Luca, 2008; Murata et al., 2008; Besser et al., 2009; Wink, 2010a) . Plants synthesize and accumulate these compounds in specific tissue types perhaps for autotoxicity avoidance, because many of the secondary metabolites are known to be phytotoxic (Reigosa and Malvido-Pazos, 2007; Ghosh et al., 2013) . Moreover, the sites of biosynthesis may not necessarily be the sites of storage, and long-distance transport via the xylem, phloem, or apoplast is also possible (Wink, 2010b) . Lipophilic metabolites are usually stored in the cuticle, resin ducts, laticifers, trichomes, or oil cells, whereas hydrophilic metabolites are stored in the vacuole. When plants experience various biotic and abiotic stresses, biosynthesis of the secondary metabolites is triggered that helps plants adapt to the challenging environment (Gershenzon and Dudareva, 2007; Hartmann, 2007; Reichling, 2010) . Consequently, transcript and metabolite profiling of stress/elicitor-treated plants or cell cultures represents a powerful approach to determine gene function in the biosynthesis of the secondary metabolites (Aerts et al., 1994; Goossens et al., 2003; Suzuki et al., 2005; Zhao et al., 2005; Naoumkina et al., 2008; De Geyter et al., 2012; Lenka et al., 2012; Yu et al., 2012; Ee et al., 2013; Mishra et al., 2013; Sun et al., 2013) .
The plant hormone methyl jasmonate (MeJA) acts as a conserved elicitor of secondary metabolite production across the plant kingdom, from angiosperms to gymnosperms (De Geyter et al., 2012) . Several studies have demonstrated that MeJA treatment can trigger the biosynthesis of all three major classes of secondary metabolites (i.e. terpenoids, phenylpropanoids, and alkaloids) through an extensive transcriptional reprogramming of the plant metabolism (Gundlach et al., 1992; Cheong and Choi, 2003; Zhao et al., 2005; Pauwels et al., 2009; De Geyter et al., 2012; Sun et al., 2013) . Here, we carried out transcriptome and selected metabolite analyses to identify the MeJA-responsive secondary metabolic pathways of sweet basil (Ocimum basilicum), which is a plant of the Lamiaceae family with highly valued aromatic and medicinal properties. Sweet basil has been extensively used for centuries in traditional medicine for the treatment of various ailments (Bilal et al., 2012) . Several pharmacological studies have demonstrated that sweet basil contains biologically active constitutions that are analgesic, anti-inflammatory, antimicrobial, antioxidant, antiulcerogenic, anticarcinogenic, cardiac stimulant, chemomodulatory, central nervous system depressant, hepatoprotective, hypoglycemic, hypolipidemic, immunomodulatory, and larvicidal (Dasgupta et al., 2004; Muralidharan and Dhananjayan, 2004; Lee et al., 2005; Zeggwagh et al., 2007; Meera et al., 2009; Zhang et al., 2009; Arshad Qamar et al., 2010; Choudhury et al., 2010; Dashputre and Naikwade, 2010; Fathiazad et al., 2012) .
Sweet basil essential oil contains numerous volatile compounds, including monoterpenes, sesquiterpenes, and phenylpropanoids (Iijima et al., 2004a; Zhang et al., 2009; Verma et al., 2012) . In addition, various nonvolatile phytochemicals such as triterpenes, rosmarinic acid, and flavonoids that are present in considerable amounts in sweet basil are shown to have prominent biological properties (Siddiqui et al., 2007; Arshad Qamar et al., 2010; Strazzer et al., 2011; Fathiazad et al., 2012) . Although efforts have been made to understand the biochemical and molecular basis of volatile terpene and phenylpropanoid biosynthesis in Ocimum species (Gang et al., 2001 (Gang et al., , 2002a (Gang et al., , 2002b Iijima et al., 2004a Iijima et al., , 2004b Louie et al., 2007; Rastogi et al., 2013) , our knowledge of how nonvolatile compounds are biosynthesized has remained largely incomplete.
Ursane-type and oleanane-type pentacyclic triterpenes (C30 compounds) are known for a variety of pharmaceutical properties, including anti-inflammatory, hepatoprotective, antitumor, antihyperlipidemic, antiulcer, and antimicrobial benefits (Kunkel et al., 2011; Wilkinson et al., 2011; Kurek et al., 2012; da Silva Ferreira et al., 2013; Kong et al., 2013) . However, there are limited data on the biosynthesis of these secondary metabolites in plants (Brendolise et al., 2011; Huang et al., 2012; Yu et al., 2013) . Moreover, the regulatory controls of these secondary metabolic pathways are completely unknown. Ocimum species are known to accumulate these pentacyclic triterpenes, although the biosynthetic genes are yet to be identified and characterized (Silva et al., 2008) .
Here we report the identification and characterization of the MeJA-responsive transcripts in sweet basil using a suppression subtractive hybridization (SSH) approach. A total of 388 candidate MeJA-responsive unique transcripts were isolated, which represent various secondary metabolic pathways (e.g. terpenoid, phenylpropanoid/ flavonoid), in addition to transcripts associated with plant stress responses. Furthermore, transcript and metabolite analysis revealed MeJA responsiveness of ursane-type and oleanane-type pentacyclic triterpenes (ursolic acid and oleanolic acid), whose biosynthesis is spatiotemporally regulated in sweet basil. Moreover, cloning and functional characterization of two MeJAresponsive oxidosqualene cyclases revealed their involvement in the biosynthesis of the direct precursors (a-amyrin and b-amyrin) of these medicinally important triterpenes.
RESULTS

Cloning and Characterization of the MeJA-Responsive Transcripts
To identify sweet basil transcripts expressed in response to MeJA treatment, the SSH approach was followed because of its high efficiency in enriching low-expressing genes and normalization of the targeted sequences. An SSH library was generated from 2-month-old plants treated with 250 mM MeJA versus control plants, as described in the materials and methods. A total of 550 individual clones was randomly selected from the SSH library for sequencing using a vector-specific M13 forward primer. This resulted in the isolation of 509 high-quality ESTs with an average sequence length of 481.59 bp, after removing low-quality, vector, and short sequences (Table I ). The average guanine-cytosine (GC) content of these high-quality ESTs was 43.92%, which was comparable with that observed for other plant species (Asamizu et al., 2000) . EST sequences were deposited in the National Center for Biotechnology Information (NCBI) GenBank database (accession numbers JZ190506 to JZ191014). Furthermore, using the CAP3 program, ESTs were assembled into a total of 388 unique sequences, including 74 contigs and 314 singletons. The contigs consisted of ESTs ranging from 2 to 28, thereby suggesting a high level of MeJA-inducible transcription associated with the corresponding genes, such as mevalonate kinase, oxidosqualene cyclase, lectin, global transcription factor group E, putative ethylene-responsive element-binding protein-type transcription factor, and so forth. The detailed functional annotation of the unique ESTs is presented in Supplemental Table S1 . BLASTN analysis of the unique sequences against the sweet basil EST database at the NCBI (http://www.ncbi.nlm.nih.gov) revealed that 70.87% of the unique ESTs are novel. To confirm the MeJA-induced expression, some of the transcripts were subjected to semiquantitative reverse transcription PCR (sqRT-PCR) and quantitative reverse transcription PCR (qRT-PCR) analysis (Figs. 1D and 2C) .
Gene Ontology (GO) annotation was performed to assign putative function to the gene products (Fig. 1, A-C) . Altogether, 73.97% of the unique sequences could be functionally categorized based on the GO biological process, cellular component, and molecular function (http://www.blast2go.com). The majority of the transcripts were predicted to be associated with the plastid (26.8%), plasma membrane (14.95%), nucleus (10.82%), cytosol (10.31%), mitochondria (10.31%), and vacuole (7.47%), suggesting that these cellular compartments play an important role in mediating MeJA-induced modulation of the cellular metabolic pathways. On the other hand, the majority of the unique sequences under the molecular function category were assigned to binding (20.36%) and catalytic activity (18.56%). Transferase, oxidoreductase, and hydrolase were found to be the major enzyme classes (Supplemental Table S2 ). Under the biological process, categories such as biosynthetic process (20.1%), response to stress (15.98%), catabolic process (14.95%), and transport (11.08%) were highly represented. This finding highlighted the key role of MeJA in regulating cellular metabolism and stress responses in plants (Cheong and Choi, 2003; Pauwels et al., 2009 Table S3 ). Functional characterization of these MeJA-responsive transcription factors may lead to a better understanding of the underlying transcriptional regulation of MeJA-induced alteration in cellular metabolism. The SSH library was also enriched with the transcripts that presumably have no direct role in cellular metabolism. Some of them were related to the plant defense responses and are known to be induced by MeJA in other plant species as well (Supplemental Table S4 ; Cheong and Choi, 2003; Lenka et al., 2012; Ee et al., 2013) .
Identification of the Metabolic Pathways
To gain an overview of the sweet basil metabolic pathways that are modulated by MeJA, unique ESTs were analyzed according to the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp), which provides an alternative functional annotation of the transcripts based on the associated biochemical pathways. The analysis revealed a total of 77 KEGG pathways (Supplemental Table S5 ). Interestingly, six transcripts were found to be associated with the a-linolenic acid metabolism that leads to jasmonic acid biosynthesis (Supplemental Fig. S1 ; Supplemental Table S5 ). These transcripts included 13S-lipoxygenase (EC:1.13.11.12), C-acyltransferase (EC:2.3.1.16), and oxidase (EC:1.3.3.6), with three, two, and one unique ESTs, respectively. These results support the existence of a positive feedback regulatory system for the biosynthesis of jasmonic acid (Sasaki et al., 2001) .
A list of various secondary metabolic pathways represented by the unique ESTs is provided in Table II . Interestingly, among the secondary metabolic processes, terpenoid and phenylpropanoid/flavonoid biosynthesis pathways were found to be maximally represented (Table II; Supplemental Fig. S2 ). These secondary metabolite types were previously reported to accumulate in high levels in sweet basil after MeJA treatment; however, the genes involved in the biosynthesis of these compounds were not identified (Kim et al., 2006; Li et al., 2007) .
MeJA Responsiveness of the Pentacyclic Triterpene Biosynthetic Pathway
In plants, all diverse types of terpene metabolites are synthesized from two 5C building blocks (dimethylallyl diphosphate and isopentenyl diphosphate) that are formed via two independent pathways: the mevalonic acid (MEV) pathway and the 2C-methyl-D-erythritol-4-phosphate (MEP) pathway (Tholl and Lee, 2011) . Isopentenyl diphosphate and dimethylallyl diphosphate derived from the cytosolic MEV pathway serve as the precursors for the biosynthesis of the sesquiterpenes (C15) and triterpenes (C30), whereas the plastidial MEP pathway provides precursors for the biosynthesis of the monoterpenes (C10), diterpenes (C20), and tetraterpenes (C40) (Sawai and Saito, 2011) . The identification of the transcripts similar to mevalonate kinase (three ESTs) and 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (enzymes of the MEV and MEP pathways, respectively) suggests the up-regulation of these pathways in sweet basil after MeJA treatment. Moreover, MeJA induction of the pentacyclic triterpene biosynthesis was envisaged because the SSH library also represented one EST for putative farnesyl diphosphate synthase and three ESTs for putative oxidosqualene cyclase (OSC) with homology to amyrin synthases of other plant species ( Fig. 2A) . Furthermore, three cytochrome P450s of the CYP716A subfamily were identified in the SSH library ( Fig. 2A ).
CYP716A subfamily cytochrome P450 enzymes were recently found to be involved in triterpene biosynthesis in Panax notoginseng, Medicago truncatula, and Catharanthus roseus (Carelli et al., 2011; Han et al., 2011; Huang et al., 2012) . To confirm MeJA induction of the pentacyclic triterpene biosynthesis in sweet basil, the levels of ursolic acid and its isomer oleanolic acid were determined by thin-layer chromatography (TLC) analysis (Supplemental Fig. S3 ; Wójciak-Kosior, 2007) . The analysis revealed 2.2-and 2.6-fold higher level accumulation of ursolic acid and oleanolic acid, respectively, in sweet basil leaves at 48 h after MeJA treatment (Fig. 2B) . The MeJA-inducible expression of the candidate pentacyclic triterpene biosynthesis genes (amyrin synthases and CYP716A subfamily cytochrome P450 enzymes) of sweet basil was validated by qRT-PCR analysis (Fig. 2C ). Altogether, these data suggest MeJA responsiveness of the ursanetype and oleanane-type pentacyclic triterpene biosynthetic pathways in sweet basil.
Cloning and Sequence Analysis of the OSCs 2,3-Oxidosqualene, the precursor of ursolic acid and oleanolic acid, serves as the endogenous substrate for the enzyme OSC that produces a-amyrin and/or b-amyrin, which then act as the substrates for the cytochrome P450 enzymes for the biosynthesis of the ursolic acid and oleanolic acid, respectively ( Fig. 2A) . To shed light on pentacyclic triterpene biosynthesis in sweet basil, two MeJA-responsive unique ESTs encoding putative OSCs (ObMU39 and ObMU162) were targeted for the functional analysis. The full-length complementary DNAs (cDNAs) specific to the OSCs were obtained from leaf total RNAs by a combination of reverse transcription PCR (RT-PCR) amplification of the unique sequences and rapid amplification of the cDNA ends (59 and 39 RACE). Analysis of the full-length sequences revealed that both of the unique sequences, ObMU39 and ObMU162, are the common gene products with a match to the 59 and 39 regions, respectively, of the complete cDNA sequence.
To identify additional OSCs of sweet basil, we conducted RT-PCR using degenerate oligonucleotides followed by 59 and 39 RACE. Sequence analysis of the amplified cDNAs revealed one more OSC in addition to the previous one. Both of the complete cDNA sequences were submitted to the GenBank database under the accession numbers KF636411 (ObAS1) and JQ809437 (ObAS2). Sequence analysis revealed that ObAS1 and ObAS2 encode for 60.32% identical polypeptides of 761 and 765 amino acids, respectively, with calculated molecular masses of 87.73 kD and 87.49 kD. ObAS1 and ObAS2 were subjected to phylogenetic analysis with the OSCs of other plants (Fig. 3) . At the amino acid sequence level, ObAS1 and ObAS2 shared 83.05% and 86.61% identities, respectively, with the Panax ginseng b-amyrin synthase and the Olea europaea mixed-function OSC that catalyzes the production of a-amyrin and b-amyrin as well as small amounts of c-taraxasterol and butyrospermol (Kushiro et al., 1998; Saimaru et al., 2007) . On the contrary, ObAS1 and ObAS2 shared 61.37% and 61.07% identities with the O. europaea mixedfunction OSC and the P. ginseng b-amyrin synthase, respectively. ObAS1 and ObAS2 have all of the conserved amino acid motifs characteristic of an OSC (Fig. 4) . These include the DCTAE motif that is considered a part of the active site that binds the substrate 2,3-oxidosqualene, the MWCYCR motif, and few b-strand turn QW motifs that are known to be shared by the OSC superfamily (Poralla Abe and Prestwich, 1995) . These results suggest that ObAS1 and ObAS2 are the candidate OSCs that possibly provide the direct precursors for ursolic acid and oleanolic acid biosynthesis in sweet basil. Moreover, ObAS1 and ObAS2 exhibited MeJAinduced expression, suggesting their potential role in MeJA-induced biosynthesis of these pentacyclic triterpenes in sweet basil (Fig. 2 , B and C).
Functional Expression of ObAS1 and ObAS2 in Yeast
To determine the product specificities of ObAS1 and ObAS2, the full-length cDNAs (2286 and 2298 nucleotides, respectively) were expressed in yeast (Saccharomyces cerevisiae strain BY4741) under the control of the Gal-inducible GAL1 promoter. In yeast, endogenous 2,3-oxidosqualene can serve as an in vivo substrate for ObAS1 and ObAS2. The expression of ObAS1 and ObAS2 in transgenic yeasts was confirmed by RT-PCR analysis and by purifying poly(His) (63His)-tagged proteins by using a nickel-nitrilotriacetic acid agarose column (Fig. 5, A and B ). ObAS1 and ObAS2 were resolved as 97-kD recombinant proteins on 10% (w/v) SDS-PAGE (Fig. 5B) . This was in agreement with the calculated molecular masses of 63His-tagged recombinant proteins, indicative of the complete translation of the full-length cDNA sequences in yeast. To determine the enzyme function of ObAS1 and ObAS2, Galinduced transgenic yeast cells were analyzed for the accumulation of pentacyclic triterpene metabolites. Yeast cells were extracted with hexane after alkaline treatment and metabolites were identified through gas chromatography-mass spectrometry (GC-MS) analysis. Compared with the vector control strain (S. cerevisiae transformed with pYES2/NTB empty vector), the yeast cells expressing ObAS1 and ObAS2 produced one and two new products, respectively (Fig. 5C) . By comparing the retention time and mass spectra of those new products with those of the authentic standards (a-amyrin and b-amyrin), we found that ObAS1-expressing transgenic yeast accumulated b-amyrin, which was not 
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The yeast expression experiments were repeated three times, always with very similar results. These results clearly indicated that ObAS1 encodes for a b-amyrin synthase, whereas ObAS2 encodes a mixed-function amyrin synthase with a product preference for a-amyrin.
Spatial and Temporal Regulation of Pentacyclic Triterpene Biosynthesis
To determine the involvement of ObAS1 and ObAS2 in the biosynthesis of ursane-type and oleanane-type pentacyclic triterpenes in sweet basil, the spatiotemporal expression patterns of these genes were correlated with in planta metabolite accumulation patterns. The relative transcript levels of ObAS1 and ObAS2 in different plant organs, tissue types, and leaf developmental ages were determined by qRT-PCR analysis and compared with the ursolic acid and oleanolic acid accumulation patterns (Figs. 6, 7, and 8) . The level of these metabolites in sweet basil was determined by TLC analysis after iodine derivatization (Supplemental Fig. S3 ; Wójciak-Kosior, 2007) .
In some plant species, pentacyclic triterpenes accumulate in a substantial amount in surface cuticular wax, possibly because of epidermal cell specialization of the biosynthetic pathways Yeats and Rose, 2013) . The cuticular wax component of sweet basil was selectively extracted from stems and leaves by brief dipping in chloroform and analysis was conducted with TLC ( Fig. 6A) . The presence of ursolic acid and oleanolic acid in surface extracts suggests epidermal cell specialization of their biosynthesis in sweet basil. To substantiate these results, the expression levels of ObAS1 and ObAS2 were determined in leaf epidermal cells using the small subunit of Rubisco, a marker for the mesophyll cells, as the negative control. The carborundum abrasion method (Levac et al., 2008) was followed to harvest leaf epidermis-enriched RNAs and the relative gene expression was determined by qRT-PCR analysis (Fig. 6, B and C) . Compared with the whole leaf, ObAS1 and ObAS2 exhibited 4.1-and 3.4-fold higher expression levels in the leaf epidermis, respectively (Fig. 6B) . By contrast, the expression level of Rubisco small subunit was very low in the leaf epidermis compared with the whole leaf (Fig. 6C) . Together, these results suggest epidermal cell localization and possible involvement of ObAS1 and ObAS2 in the biosynthesis of ursolic acid and oleanolic acid.
The expression levels of ObAS1 and ObAS2 in different plant organs and leaves of different developmental ages were determined and correlated with the ursolic acid and oleanolic acid levels (Figs. 7 and 8 ). ObAS1 and ObAS2 showed the highest expression in inflorescences and leaves, respectively, and the lowest expression in roots (Fig. 7B) . On the other hand, both genes exhibited higher expression levels in older leaves compared with the youngest leaves (Fig. 8C) . These differential expression patterns of ObAS1 were quite well correlated with the accumulation profiles of oleanolic acid in plant organs and leaves of different developmental ages (Figs. 7A  and 8B ). Oleanolic acid accumulated 3.6 times more in inflorescences compared with the roots and 1.8 to 3.5 times more in older leaves compared with the youngest leaves. Therefore, enzyme function (Fig. 5) and gene expression patterns of ObAS1 (Figs. 6-8 ) strongly suggest that this b-amyrin synthase is involved in the biosynthesis of oleanolic acid in sweet basil. However, the level of ursolic acid was found to be 2.7 times higher in inflorescences compared with the leaves and the highest level was detected in the youngest leaves compared with the older leaves. The role of ObAS2 for in planta biosynthesis of the ursolic acid was envisaged based on the epidermal cell enrichment of the ObAS2 mRNA and accumulation of the ursolic acid in the plant surface (Fig. 6, A and B) . However, it is also possible that the accumulation of ursolic acid in different plant organs and during leaf development is also influenced by its catabolism/metabolism and transport after biosynthesis. Moreover, the presence of the additional a-amyrin synthase that is involved in high-level biosynthesis of the ursolic acid in inflorescences and youngest leaves cannot be excluded, because very limited transcript information is available and the genome of sweet basil is yet to be sequenced.
DISCUSSION
Although a number of structurally and functionally diverse classes of secondary metabolites with important pharmacological traits are identified from sweet basil (Iijima et al., 2004a; Meera et al., 2009; Zhang et al., 2009; Arshad Qamar et al., 2010; Choudhury et al., 2010; Dashputre and Naikwade, 2010; Verma et al., 2012) , their biosynthetic pathways remained largely unexplored. The plant endogenous signaling molecule MeJA, in addition to regulating the normal plant developmental processes, induces defense responses during herbivore and pathogen attacks by accumulating diverse secondary metabolites (Cheong and Choi, 2003) . Because MeJA has been shown to be a powerful inducer of secondary metabolite production in diverse plants (Aerts et al., 1994; Suzuki et al., 2005; Kim et al., 2006; De Geyter et al., 2012; Lenka et al., 2012) , we studied MeJA-elicited transcriptional changes with the goal to identify the candidate genes involved in the biosynthesis of secondary metabolites in sweet basil. SSH is a powerful genomics tool for identification of differentially expressed genes for nonmodel organisms such as sweet basil, in which genomic information is currently scarce (Ohlrogge and Benning, 2000) . The SSH approach Figure S4 ). Identical amino acid residues are depicted with an asterisk, whereas conserved and semiconserved substitutions are marked with a colon and period, respectively. [See online article for color version of this figure. ] led to the isolation of 388 candidate MeJA-responsive transcripts that included several (70.87%) new transcripts of sweet basil. Many of these transcripts comprise the secondary metabolic pathways, including terpenoids and phenylpropanoids/flavonoids, in addition to the transcripts that are associated with MeJA biosynthesis and plant stress responses (Table II; Supplemental  Figs. S1 and S2; Supplemental Tables S1 and S4) .
Some of the MeJA up-regulated transcripts are potential candidates for regulation of jasmonic acid biosynthesis (Supplemental Fig. S1 ). Among these, lipoxygenases are known to catalyze the oxygenation of polyunsaturated fatty acids, such as linolenic acids, to produce fatty acid hydroperoxides that serve as intermediates in the formation of jasmonic acid (Sasaki et al., 2001 ).
Moreover, additional transcripts of the jasmonic acid biosynthesis pathway, such as C-acyltransferases and oxidases, were also identified (Supplemental Fig. S1 ; Supplemental Table S5 ). These results suggest that MeJA controls its own biosynthesis by a positive feedback Figure 6 . Epidermal cell localization of the pentacyclic triterpene biosynthesis. A, Stem and leaf surface extracts were obtained by dipping stem and leaves, respectively, into chloroform as described in the materials and methods. Total extracts were obtained after complete homogenization of stem and leaf tissues followed by chloroform extraction. Each extract was analyzed by TLC using 200 ng of ursolic acid (UA) and oleanolic acid (OA) as the standards. The analysis was repeated thrice independently with similar results. B, qRT-PCR expression analysis of ObAS1 and ObAS2 using whole leaf and epidermal-enriched RNAs. Data are the mean 6 SE from seven biological replicates. C, The expression levels of two unique transcripts of sweet basil Rubisco small subunit (RBCS) were determined using whole leaf and epidermal-enriched RNAs. Data are mean 6 SE (n = 4, from two biological replicates). GenBank accession numbers for RBCS1 and RBCS2 are DY342732 and DY336269, respectively. [See online article for color version of this figure. ] Figure 7 . Tissue-specific expression profiles of ObAS1 and ObAS2 and differential accumulation of the pentacyclic triterpenes. A, The relative levels of ursolic acid (UA) and oleanolic acid (OA) in different tissues of sweet basil were determined by TLC analysis. Data are the mean 6 SE from six independent experiments and the photograph of one representative TLC plate is presented. B, The relative transcript level was determined by qRT-PCR analysis. Data are the mean 6 SE from four biological replicates. [See online article for color version of this figure. ] mechanism (Sasaki et al., 2001 ). Few MeJA up-regulated transcripts are the putative transcriptional regulators of MeJA responses in sweet basil (Supplemental Table S3 ). The APETALA2/ERF and WRKY transcription factors were previously shown as regulators of secondary metabolite biosynthesis in plants in response to MeJA (Yu et al., 2012; Mishra et al., 2013) , suggesting their possible involvement in the regulation of secondary metabolite biosynthesis in sweet basil. Lectins, callose synthase, and thaumatin-like proteins that presumably do not have any role in secondary metabolite accumulation were also identified among the MeJA upregulated transcripts (Supplemental Table S4 ). These genes function as plant defense components and were also found to be induced by MeJA in other plant species (Cheong and Choi, 2003; Lenka et al., 2012; Ee et al., 2013) . The data also suggest MeJA responsiveness of the MEP and MEV pathways that provide 5C building blocks for the biosynthesis of the diverse terpene metabolites (Table II) . The MeJA-induced expression of the linalool synthase, eugenol synthase, and polyphenol oxidase substantiates the earlier reports of MeJA-induced biosynthesis of the corresponding metabolites in sweet basil (Table II ; Kim et al., 2006; Li et al., 2007) . Our transcript and metabolite analysis revealed MeJA induction of the ursane-type and oleanane-type pentacyclic triterpene biosynthesis pathways of sweet basil (Fig. 2, A to C) . OSCs (ObAS1 and ObAS2) and CYP716A subfamily cytochrome P450s (ObCYP1, ObCYP2, and ObCYP3) that showed induced expression after MeJA treatment could be involved in MeJA-induced biosynthesis of ursane-type and oleanane-type pentacyclic triterpene skeletons in sweet basil (Fig. 2C) . The OSCmediated cyclization of 2,3-oxidosqualene is the initial diversifying step for the formation of a large group of structurally diverse triterpene compounds that are widespread throughout the plant kingdom (Abe and Prestwich 1995; Phillips et al., 2006) . Hydroxylation by cytochrome P450 enzymes, alkylation by methyltransferases, and glycosylation by glycosyltransferases are among the further enzymatic modifications of the triterpene skeletons. In contrast with animals and fungi that generally have a single OSC (lanosterol synthase) for biosynthesis of the membrane sterol, the higher plants contain several OSCs for biosynthesis not only of the sterols (cycloartenol synthase and lanosterol synthase) but also of diverse triterpenes (Phillips et al., 2006; Sawai and Saito, 2011) . The functional diversity of the OSCs and evolution of the mixed-function OSCs that produce more than one specific compound enable over 100 different carbon skeletons of naturally occurring triterpenes in plants (Sawai and Saito, 2011) . The product specificities of ObAS1 and ObAS2 were determined by heterologous expression in yeast (Fig. 5) . In yeast, ObAS1 formed b-amyrin as its sole product, whereas ObAS2 catalyzed the formation of both a-amyrin and b-amyrin, with a-amyrin as the major product. Moreover, phylogenetic analysis also indicated that ObAS1 is closely related to the b-amyrin synthases, whereas ObAS2 is more similar to the mixed-function OSCs (Fig. 3) . Although OSCs that produce b-amyrin specifically are known from other plant species, no enzyme producing a-amyrin as a sole product has been identified to date. All of the identified mixedfunction OSCs that catalyze the formation of a-amyrin also produce b-amyrin and few other minor triterpenes (Morita et al., 2000; Saimaru et al., 2007; Brendolise et al., 2011; Yu et al., 2013) . Further studies on ObAS1 and ObAS2 can be directed to elucidate the molecular mechanisms and evolutionary perspectives of the amyrin product specificities for OSCs.
The conversion of 2,3-oxidosqualene into a-amyrin and b-amyrin involves an initial protonation step followed by a polyene addition cascade that leads to the formation of tetracyclic C-20 dammarenyl carbocation to pentacyclic C-20 lupenyl, C19 oleanyl, C-20 taraxasteryl, and C-13 ursanyl carbocation intermediates. Finally, a series of 1,2-shifts of hydride and/or methyl groups, followed by a deprotonation step, give a stable pentacyclic triterpene skeleton ( Fig. 9 ; Phillips et al., 2006; Abe, 2007) . The cyclization mechanism of the a-amyrin synthase and b-amyrin synthase is identical up to the C-19 oleanyl carbocation stage. The hydride shifts and deprotonation of the C-19 oleanyl carbocation result in the formation of b-amyrin. However, the migration of a methyl group from C-20 of oleanyl carbocation gives a C-20 taraxasteryl carbocation intermediate that is further converted to a-amyrin following 1,2-hydride shifts and deprotonation (Morita et al., 2000) . The reaction mechanisms of a-amyrin synthase and b-amyrin synthase suggest that the conserved amino acid residues in the enzyme active sites take part in a common reaction up to the C-19 oleanyl carbocation stage. However, some specific amino acid residues of these enzymes determine which of two alternative paths to follow after the formation of the C-19 oleanyl carbocation intermediate (Fig. 9) .
ObAS2 produced more a-amyrin than b-amyrin; therefore, it must have characteristic amino acid residues that favor the formation of the ursane-type over the oleanane-type pentacyclic triterpene by directing the reaction toward C-13 ursanyl carbocation following a C-20 methyl shift, instead of completely stabilizing the C-19 oleanyl carbocation (Fig. 9) . At the amino acid sequence level, ObAS1 and ObAS2 shared 60.32% identity and all of the conserved amino acids within the DCTAE, MWCYCR, and QG motifs were identical (Fig.  4) . Therefore, the observed difference in their enzymatic functions could be due to the variation in amino acid residues that are outside these conserved motifs. On the basis of the amino acid sequence comparison of apple (Malus domestica) MdOSC1 with other OSCs, it was proposed earlier that substitution of Phe to Trp within the MWCYCR motif may possibly be responsible for the increased product specificity to a-amyrin (Brendolise et al., 2011) , because site-directed mutagenesis of Trp residue led to loss of the product specificities for some OSCs . However, the presence of Trp in the MWCYCR motifs of both ObAS1 and ObAS2 suggests that a-amyrin product specificity is a result of the changes at other amino acid positions.
Sequence comparison of ObAS1 with ObAS2 highlighted some amino acid residues that are also conserved in two other mixed-function OSCs from C. roseus and O. europaea, which have a-amyrin product preference Figure 9 . The mechanism of ObAS1 and ObAS2-mediated cyclization of 2,3-oxidosqualene into pentacyclic triterpenes. The protonation of 2,3-oxidosqualene triggers a cyclization cascade that leads to the generation of different carbocation intermediates, which further undergo hydride and methyl shift rearrangement steps before being deprotonated. The differential stability of the C-19 oleanyl and C-13 ursanyl carbocations bound to the enzyme is likely to affect the product specificities of ObAS1 and ObAS2. The reaction steps are common for ObAS1 and ObAS2 up to C-19 oleanyl carbocation intermediate. After that, the reaction path favored by ObAS2 is depicted by dashed arrows. such as ObAS2 (Saimaru et al., 2007; Huang et al., 2012; Yu et al., 2013) . Some of these residues include Tyr-173, Tyr-227, Fig. S4 ). Aromatic amino acid substitutions are particularly interesting because they are thought to play an important role in stabilizing the high energy carbocation intermediates of the terpene cyclase reactions (Christianson, 2006; Phillips et al., 2006) . To determine the functional significance of these amino acid substitutions in ObAS2, further studies using domain swapping/site-directed mutagenesis approaches are needed.
The tissue-specific expression profiles of ObAS1 and ObAS2 suggest that these enzymes are localized exclusively in the epidermal cells (Fig. 6B) . Moreover, high levels of ursolic acid and oleanolic acid were also extracted as cuticular wax components coating the epidermal cells (Fig. 6A ). This correlation in transcript and metabolite abundance implies that the biological role of ObAS1 and ObAS2 is to synthesize the triterpenes destined for the cuticular wax component of the plant surface. Taking together differential gene expression patterns and metabolite levels, it is very likely that ObAS1 and ObAS2 are the major enzymes responsible for the plant organ and leaf age-specific biosynthesis of oleanolic acid (Figs. 7 and 8) . By contrast, plant organ and leaf age-specific accumulation of ursolic acid was somewhat different from ObAS2 expression patterns. Although the data suggest the involvement of ObAS2 in the biosynthesis of the ursolic acid in stems and leaves, the role of other OSCs in high-level biosynthesis in inflorescences cannot be excluded. Moreover, it is also possible that metabolite transport function determines ursolic acid accumulation in high levels to the actively growing parts and reproductive organs of the plants, as shown for other secondary metabolites (Wink, 2010b) . This is quite likely because cuticular triterpenes are thought to play a role in plant defense, which signifies their accumulation in these organs (González-Coloma et al., 2011) . Although the biological role of the pentacyclic triterpenes has not been clearly established, the potential insecticidal and antimicrobial activities of the pentacyclic triterpenes suggest a protective role against pests and pathogens (González- Coloma et al., 2011; Kurek et al., 2012) .
Pentacyclic triterpenes are synthesized inside the epidermal cells but are accumulated in the cuticle (Fig. 6 , A and B; Murata et al., 2008) , suggesting the involvement of the transporter for secretion into the cuticle. The transport is possibly facilitated by the proteins, because it is unlikely that these lipophilic metabolites travel from the epidermal cell to the cuticle through diffusion. Although ATP binding cassette transporters that are involved in secretion of antifungal diterpene and cuticular lipid are known in plants, no triterpene transporter has been identified to date (Jasi nski et al., 2001; Pighin et al., 2004) . Moreover, long-distance transport of the secondary metabolites from the site of synthesis to the site of storage by means of the xylem and phloem or via the apoplast has been shown for some instances (Wink, 2010a (Wink, , 2010b . It is also possible that sterol or lipid transporters that have broad substrate spectra are involved in the export of pentacyclic triterpenes (Buschhaus and Jetter, 2012) .
In conclusion, this work led to the identification of several MeJA-responsive transcripts in sweet basil and functional characterization of two OSCs that are involved in the biosynthesis of the direct precursors of two medicinally important pentacyclic triterpenes, ursolic acid and oleanolic acid. This study will be useful in expanding our understanding of the molecular basis of the secondary metabolite accumulation in Ocimum species and in metabolic engineering of pentacyclic triterpene biosynthesis. Further work on the enzyme structure-function relationship using ObAS1 and ObAS2 could reveal the molecular mechanism of a-amyrin and b-amyrin product specificity of the OSCs.
MATERIALS AND METHODS
Plant Materials and MeJA Treatment
Sweet basil (Ocimum basilicum 'CIM-Saumya') seeds were obtained from the National Gene Bank for Medicinal and Aromatic Plants at the Central Institute of Medicinal and Aromatic Plants. Seeds were germinated in presterilized soil. Seedlings at the second true leaf stage were transplanted into earthen pots (15 cm height and internal diameter) containing a mixture of soil and farmyard manure in a 2:1 ratio. The plants were grown under natural light in a glass house at 24°C to 26°C and watered daily with application of Hoagland solution once a week. Roots, stems, matured green leaves, and inflorescences were collected from 90-d-old plants (average height, 63.71 6 3.77 cm; n = 7), washed with reverse osmosis water, frozen immediately in liquid nitrogen, and stored at 280°C. MeJA (Sigma-Aldrich) treatment was given to 60 d-old plants (average height, 26.66 6 3.7 cm, n = 9; number of matured green leaves, 48.66 6 6.76, n = 9) with each group consisting of at least three plants. Plants were thoroughly sprayed until run-off with 250 mM of MeJA solution prepared in MilliQ water containing 0.2% (v/v) dimethyl sulfoxide and 0.05% (v/v) TritonX-100 and covered with polyethylene bags. After 2 h of treatment, the polyethylene bags were removed and the plants were left in open air for 2 h to completely remove the remaining MeJA and then were later transferred to the glass house. The control plants were sprayed with same solution without MeJA, bagged, and kept in isolation from the MeJA-treated plants, however, under the same treatment/growth conditions as mentioned for the MeJA-treated plants. After the specified time of treatment, leaves (stage S3; Fig. 8A ) from the plants were harvested, frozen immediately in liquid nitrogen, and stored at 280°C for further metabolite and RNA isolation.
Construction of the Subtraction cDNA Library
The SSH library was generated according to the PCR-Select cDNA Substraction kit instruction manual (Takara) as previously described (Ghosh et al., 2013) . In brief, poly(A+) RNA was isolated from the total RNAs using a mRNA purification kit (Qiagen) and 2 mg of purified poly(A+) RNA was reverse transcribed using avian myeloblastosis virus reverse transcriptase. To produce a cDNA library representative of MeJA-induced transcripts, sweet basil plants treated with 250 mM MeJA were used as the tester samples, whereas mocktreated plants were used as the driver samples. Double-stranded tester and driver cDNAs were prepared from poly(A+) RNA of leaf tissues (stage S3; Fig. 8A ) harvested from the plants after treatment for 6, 12, and 24 h. Total RNAs were isolated individually from each time point and pooled together in equal ratios to prepare tester and driver RNA samples for poly(A+) RNA isolation. Both tester and driver cDNAs were digested with RsaI for producing blunt end cDNAs. Two populations of adapter-ligated tester cDNA samples were prepared and two rounds of hybridization between the driver and adaptorlinked tester were performed to remove common or noninduced transcripts. Tester-specific cDNAs were then PCR amplified (Advantage 2 PCR kit; Takara). PCR products were ligated into pTZ57R/T vector (Thermo Scientific) and transformed into Escherichia coli (DH5a) for propagation. Recombinant clones were selected based on blue-white selection on a Luria-Bertani agar plate containing 50 mg mL 21 ampicillin and grown in Luria-Bertani media at 37°C for plasmid isolation and glycerol stock preparation.
Sequencing and Analysis of ESTs
To obtain the sequences of ESTs, plasmid DNAs were isolated from the individual recombinant clones. Purified plasmid DNAs were analyzed on 0.8% (w/v) agarose gel before sequencing. Plasmid DNAs were sequenced using the BigDye Terminator kit (Applied Biosystems) with the M13 forward primer in an ABI Prism 3700 DNA analyzer (Applied Biosystems). A total of 550 independent recombinant clones were randomly picked; after sequencing, 509 high-quality sequences were obtained that were submitted to GenBank (accession numbers JZ190506 to JZ191014). These sequences were assembled into contigs after cleaning of vector sequences (Masoudi-Nejad et al., 2006) . Functional annotation of the unigenes (contigs and singletons) was carried out by a homology search against the nonredundant protein databases of NCBI (http://www.blast2go. com) and UniProtKB/The Arabidopsis Information Resource (http://www. agbase.msstate.edu) and by following the GO scheme and KEGG pathways (http://www.blast2go.com).
Cloning and Sequence Analysis of ObAS1 and ObAS2
Gene-specific oligonucleotide primers were designed based on the sequences of two MeJA-responsive unique ESTs encoding for putative OSCs (ObMU39, ObMU162) and 59 and 39 end sequences were amplified as previously described . In addition, gene-specific degenerate oligonucleotides were also designed based on the conserved motifs of OSCs identified from the multiple sequence alignment. Total RNAs were isolated from the sweet basil leaves and reverse transcribed to generate cDNAs using a poly(A) tail-specific oligonucleotide (39 RACE adapter primer; Invitrogen). The left primer corresponding to either peptide HQNEDGGWG (59-CAYCAAAAYGARGAYGGIGGITGG-39) or NPMPPEFW (59-AAYCCIATGCCHCCIGARTTYTGG-39) and the right primer corresponding to peptide DQDHGWQV (59-ACTTGCCAICCRTGRT-CYTGRTC-39) were used to amplify partial sequences of OSCs that were later cloned into pTZ57R/T vector (Thermo Scientific) and sequenced. The remaining 59 and 39 regions were amplified using the RACE kit (Invitrogen/ Takara). Related protein sequences from other species were taken and phylogenic analysis (Tamura et al., 2011) and sequence alignments (ClustalW2; http://www.ebi.ac.uk) were performed.
RNA Isolation, sqRT-PCR, and qRT-PCR
RNA was isolated according to the LiCl precipitation method (Meli et al., 2010) , treated with DNase I (Thermo Scientific), and purified using the RNeasy Mini Kit (Qiagen). At least two independent isolations consisting of three plants for each group were performed. RNA quality was checked by running 1.2% (w/v) agarose gel and by determining the A260/280 ratio. Four micrograms of total RNA, quantified using a nanodrop (Thermo Scientific), was reverse transcribed using superscript II (Invitrogen) following the manufacturer's instructions. cDNAs were diluted three times before use in the sqRT-PCR and qRT-PCR reactions. sqRT-PCR was performed in a 25-ml reaction volume with 200 nM of each primers using one unit of recombinant Taq DNA polymerase (Invitrogen) for 28 cycles of denaturation, annealing, and extension steps. qRT-PCR reactions (10 ml reaction volume) consisted of 5 ml 2X Power SYBR Green PCR Master Mix (Applied Biosystems), 0.5 ml of diluted cDNA, and 500 nM of each forward and reverse gene-specific primer. qRT-PCR was performed using 7900 HT Fast RealTime PCR (Applied Biosystems). A list of the oligonucleotide primers used is shown in Supplemental Table S6 . Melting curves were analyzed at the dissociation step to examine the specificity of amplification. Relative gene expression was analyzed following the 2 2 DDCt (cycle threshold) method, using actin (DY329457) as the endogenous control.
Yeast Expression, Protein Purification, and GC-MS Analysis of Yeast Extracts
The ObAS1 and ObAS2 were expressed in yeast (Saccharomyces cerevisiae) as N-terminal poly(His)-tagged proteins under the control of Gal-inducible GAL1 promoter. The full-length coding sequences of the ObAS1 and ObAS2 were PCR amplified using Phusion high-fidelity DNA polymerase (Finnzymes) with gene-specific forward and reverse primers that contained NotI and XbaI restriction sites, respectively. The PCR products were digested with NotI/XbaI and ligated into the NotI/XbaI sites of the yeast expression vector pYES2/NTB to create pYES2-ObAS1 and pYES2-ObAS2. After verifying the integrity of the gene through sequencing, expression plasmids were transformed into S. cerevisiae (strain BY4741) following the standard lithium acetate method. Transformants were selected on synthetic dextrose medium without uracil after 3 d of incubation at 30°C and were confirmed by colony PCR.
To induce protein expression, yeast transformants were initially grown at 30°C in synthetic dextrose medium without uracil for 16 h and cells were collected by centrifugation. Cells were then washed twice with MilliQ water, resuspended in synthetic complete medium lacking uracil, containing 2% (w/v) Gal and 1% (w/v) raffinose, and incubated at 30°C for protein induction. After 12 h of growth, cells were collected by centrifugation, crushed with liquid nitrogen using a pestle and mortar, and resuspended in lysis buffer (50 mM Na 2 PO 4 , 300 mM sodium chloride, 20 mM imidazole, pH 8.0 with 0.1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail; Sigma-Aldrich). After dialysis for 12 h in lysis buffer, poly(His)-tagged proteins were purified using nickel-nitrilotriacetic acid agarose beads according to the manufacturer's protocol (Qiagen). The purity of the proteins was determined by resolving on 10% (w/v) SDS/PAGE gel.
For analysis of yeast products, cells were harvested by centrifugation after 48 h of Gal induction and saponified with 20% (w/v) KOH in 50% (v/v) ethanol at 80°C for 45 min with intermittent vortexing. After extraction with hexane twice, the hexane phase was dried and the residue was derivatized using bis-N,O-(trimethylsilyl) trifluoroacetamide (Sigma-Aldrich) at 80°C for 45 min prior to GC-MS analysis. The PerkinElmer Clarus 680 GC system equipped with an Elite-5MS column (30 m length, 0.25 mm i.d., 0.25-mm film thickness) and coupled with a PerkinElmer Clarus SQ 8C Mass Spectrometer was used for GC-MS analysis. The sample was injected into a split injection mode (1:25) and the carrier gas was helium with a flow rate of 1.2 mL/min. The injection temperature was 250°C. The GC oven temperature was programmed from 80°C (held for 2 min) to 290°C at 20°C/min and held for 20 min. For metabolite identification, full mass spectra were generated by scanning within the mass-to-charge ratio range of 40 to 600. Triterpene products in yeast were monitored on the basis of the intensity of the base peak (mass-tocharge ratio of 218), with pYES2/NTB empty vector as a negative control and a mixture of authentic standards, a-amyrin and b-amyrin (Sigma-Aldrich), as positive control. Triterpenes were confirmed by comparing both the retention time and mass spectra with the authentic standards.
Extraction and Analysis of Triterpenes
Fresh tissues from different plant parts were harvested separately, frozen in liquid nitrogen, and grinded into fine powder using a pestle and mortar. The ground tissue (500 mg) was extracted twice with 10 mL of chloroform. The obtained extract was evaporated to dryness and the residue was dissolved in methanol to a fixed volume (200 ml). To obtain surface extracts, tissues (500 mg) were dipped in 10 mL chloroform, vortexed for 2 min, and incubated for 5 min at room temperature. The surface extracts were dried and finally dissolved in 200 ml of methanol.
Triterpene analysis was carried out as described previously (Wójciak-Kosior, 2007) with few modifications. Ursolic acid and oleanolic acid stock solutions (0.2 mg mL 21 ) were prepared in methanol. For analysis of the plant extracts, TLC plates (silica gel 60 F254, 20320 cm; Merck) were washed with methanol and dried before use. Standards and samples were derivatized with 1% (w/v) iodine solution in chloroform for 30 min at dark (30°C) and spotted onto a TLC plate. Excess iodine from the TLC plate was removed by drying. Further, the plates were developed with a mixture of petroleum ether:ethyl acetate: acetone (8:2:1, v/v/v) as a mobile phase. After drying, the plates were sprayed with 2% (w/v) ceric sulfate solution prepared in 5% (v/v) H 2 SO 4 , incubated at 37°C for 10 min, and heated to 110°C for 5 min. The visualized spots were documented with a digital camera in daylight. The quantification was carried out by densitometric scanning (Camag TLC Scanner 3) in absorbance/transmittance mode at l = 530 nm. with 7.5 mL of Trizol reagent (Invitrogen) and 1g of carborundum powder (300 grit; Fisher Scientific) in a 50-mL conical bottom centrifuge tube (Tarsons). The tube was vortexed at maximum intensity for 1 min using a cyclomixer (REMI CM 101) to ensure that majority of the leaves in the tube were well abraded. The tube was then kept at room temperature for 5 min and abraded leaves were removed with forceps. The whole process was repeated once with an additional 1 g of fresh leaves. The extract was centrifuged at 3,000g for 5 min and the supernatant was transferred to a fresh centrifuge tube. To the supernatant 0.2 volume of 5 M sodium chloride was added and vortexed for 30 s. Further, a 0.6 volume of chloroform was added, vortexed for 30 s, and centrifuged at 3,000g for 30 min. The aqueous solution was transferred to 1.5-mL centrifuge tubes together with 0.9 volume of isopropanol and 10 mg of linear polyacrylamide and incubated at 220°C for 12 h. Samples were then centrifuged at 20,800g for 30 min to collect the RNA precipitate. The RNA pellet was washed with 70% (v/v) ethanol, air-dried, and dissolved with diethyl pyrocarbonate-treated MilliQ water. For RNA isolation from whole leaf tissues, 0.5 g of freshly harvested stage S2 leaves were ground into powder using liquid nitrogen and 7.5 mL of Trizol was added. The rest of the isolation steps were the same as the epidermal cell RNA isolation. RNA quality and quantity were determined using a nanodrop (Thermo Scientific) and resolving on 1.2% (w/v) agarose gel. Through carborundum extraction, approximately 2 mg of total RNAs were obtained from 1 g of fresh leaves.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers JZ190506-JZ191014 (ESTs), KF636411 (ObAS1), JQ809437 (ObAS2), FJ032006 (Malus), BAF35580 (Kandelia), NP 001234604 (Solanum), ACO24697 (Gentiana), ADK12003 (Aralia), O82140 (Panax), BAE43642 (Euphorbia), A8CDT2 (Bruguiera), Q8W3Z1 (Betula), ACA13386 (Artemisia), ABK76265 (Vaccaria), Q9MB42 (Glycyrrhiza), AAO33578 (Medicago), AAO33580 (Lotus), Q9LRH7 (Pisum), BAG82628 (Arabidopsis), BAF63702 (Olea), and AFJ19235 (Catharanthus).
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